Mechanism of Resistance to Oxidative Stress in Doxorubicin Resistant Cells
in RPMI 1640 medium containing 10% heat-inactivated FBS, 100 units/ml of penicillin and 100 mg/ml of streptomycin and were incubated at 37°C in an atmosphere of 5% CO 2 in air.
Detection of Cell Death Cell number was determined by trypan blue staining or counting using a Coulter model Z1 (Coulter Inc., Hialeah, FL, U.S.A.). Cells were seeded at a density of 1ϫ10 6 /ml in a Falcon tube and incubated with RPMI 1640 containing 10% FBS and antibiotics in the presence of various concentrations of hydrogen peroxide at 37°C. Then, to detect apoptotic nuclei, cell death was measured by flow cytometry (FACScan, Becton Dickinson, Tokyo) with 5 mg/ml PI and analyzed using Cell Quest software. 13) Calcium Measurement For monitoring intracellular calcium, cells were loaded with 1 mM fluo 3-AM (Ca 2ϩ probe) in a HBS buffer (140 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 10 mM glucose and 10 mM HEPES, pH 7.4). After a loading period of 30 min, excess dye was removed by centrifugation, the cells were resuspended in fresh buffer and the cell associated-fluo 3-AM fluorescence was measured with FACScan.
14)
Measurement of Mitochondrial Membrane Potential Cells (1ϫ10 6 /ml) were incubated with hydrogen peroxide for 0.5-4 h. They were then rinsed once with Hank's balanced salt solution, and incubated in Hank's balanced salt solution with 2 mM rhodamine 123 at 37°C for 30 min. Mean intracellular rhodamine 123 fluorescence was measured by FACScan. 15) Rhodamine 123 accumulation in cells has been shown to correlate quantitatively with mitochondrial membrane potential.
GSH Assay Flow cytometric and enzymatic assays were performed in parallel and in triplicate. Flow cytometry: Monochlorobimane (mBCl, final concentration: 50 mM, Molecular Probes, Inc., Eugene, OR, U.S.A.) was added to P388/S or P388/DOX cells (5ϫ10 5 cells/ml) and incubated at room temperature for 5 min. Then cells were washed twice with ice-cold phosphate-buffered saline (PBS). One milliliter of PBS was added and cellular GSH analysis was performed by flow cytometry. 16) Enzymatic assay: Total GSH (reducedϩ oxidized) was determined enzymatically according to the method of Tietze. 17) Cells were collected by centrifugation, washed twice with ice-cold PBS, and sonicated in 10 mM HCl. Particulate matter was removed by centrifugation (12000ϫg, 5 min) and the supernatant deproteinized by the addition of 10% sulphosalicylic acid. Following recentrifugation the GSH content of the supernatant (20 ml) was assayed using 0.6 mM DTNB in a GSH-reducing buffer (4.4 mM Na 2 EDTA, 250 mM NADPH, 6 U/ml GSH reductase, in sodium phosphate buffer, pH 7.5). GSH concentration was determined spectrophotometrically at 412 nm. Standard GSH solutions were used on each occasion to calibrate the assay. GSH is expressed in nmol GSH/mg protein. Protein content was determined using Pierce BCA protein assay reagents as described by Smith et al. 18) with bovine serum albumin as the standard.
ROS Assay DCFH-DA (final concentration: 5 mM) was added to 5ϫ10 5 cells/ml, and incubated at 37°C for 30 min. During this period, DCFH-DA entered the tumor cells. The treated tumor cells were exposed to DOX for 30 min or to hydrogen peroxide for 10 min at 37°C. Fluorescence intensity of 2Ј,7Ј-dichlorofluorescein (DCF), DCFH-DA products, was measured by flow cytometry directly. 19) Statistical Analysis Student's t-test was used evaluate the statistical significance of differences between groups.
RESULTS

Cell Death
Cell death induced by hydrogen peroxide was investigated in P388/S and P388/DOX cells using flow cytometry. Various concentrations of hydrogen peroxide were added to the growth medium and incubated for 4 h. In the parent cells, hydrogen peroxide (1, 3, and 10 mM) resulted in a marked increase in cell death (57.1, 83.5, and 98.6%) compared with resistant cells (cell death: 29.2, 70.0, and 83.7%, Fig. 1 ). Thus, a significant dose-dependent increase in cell death by hydrogen peroxide was observed in P388/S cells. The degree of cell death in P388/DOX cells induced by hydrogen peroxide was less than that in P388/S cells treated with hydrogen peroxide.
NAC and reduced GSH (antioxidants) also abolished the death of P388/S cells caused by hydrogen peroxide (4 h-drug exposure). The inhibitory effects of 10 mM NAC and 5 mM reduced GSH on 1 mM hydrogen peroxide-induced cell death were 40.1% and 38.9%, respectively ( Table 1 ). The GSH content of resistant cells was about 1.5-fold greater than the parent cell line (Figs. 2A, B) . In the study of time course ex- 
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P388/S cells were exposed to 1 mM hydrogen peroxide in the presence or absence of antioxidant for 4 h at 37°C, then were stained with PI before flow cytometric analysis. Data are the meansϮS.E. of three experiments. a) pϽ0.05, in comparison with 1 mM hydrogen peroxide-induced treated cells. periments, hydrogen peroxide at a concentration of 1 or 3 mM induced death in P388/S and P388/DOX cells in a time-dependent manner (Fig. 3A) . Moreover, a prolonged exposure of P388/S cells to hydrogen peroxide at a concentration of 3 mM produced a great decrease in the rhodamine 123 fluorescence in cells (Fig. 3B) . The degree of this decrease in P388/DOX cells by hydrogen peroxide was less than that in P388/S cells treated with hydrogen peroxide. The reduction of rhodamine 123 fluorescence caused by 3 mM hydrogen peroxide was occurred before cell death. Treatment of hydrogen peroxide at a concentration of 1 mM, however, did not induce a decrease in the rhodamine 123 fluorescence in cells.
Intracellular Ca
2؉
The dose-dependent effect of hydrogen peroxide on the intracellular Ca 2ϩ was examined 90 min after application of hydrogen at concentrations ranging from 0.01-1 mM (Fig. 4A) . Hydrogen peroxide in P388/S cells began to increase the intracellular Ca 2ϩ at a concentration of 0.1 mM. This increase produced a further increase in the Ca 2ϩ of P388/S cells. Drastic increases in the Ca 2ϩ were detected at 0.3 and 1 mM, while no such increase in the Ca 2ϩ induced by hydrogen peroxide was observed in the resistant cells (Figs. 4A, B) .
ROS Seeking correlations between the sensitivity to hydrogen peroxide observed in the cell line studies and levels of ROS, we measured the intracellular generation of ROS by leukemia using a DCFH-DA probe. Figure 5 shows the intracellular concentration of ROS in DOX-treated cell cultures determined by the flow cytometry of fluorescence emitted due to DCH oxidation. The results show that DOX increased endogenous level of ROS at 1 mM doses in P388/S cells. In contrast to these cells, P388/DOX cells did not exhibit such change in intracellular generation of ROS by 1 mM DOX. Hydrogen peroxide (0.1 and 1 mM) treatment also induced the production of ROS in P388/S cells, while no such increase was produced by hydrogen peroxide in P388/DOX cells (Fig.  6 ). These results suggest that the reduction of hydroxyl radicals produced by hydrogen peroxide may be involved in the resistance to oxidative stress in the resistant cells.
DISCUSSION
Hydrogen peroxide is known to modulate a variety of cell functions, and its lower biological reactivity compared to many ROS, combined with its capacity to cross membranes and disseminate from the site of generation, makes it an ideal signaling molecule. 20) DOX is reported to cause apoptosis and is also believed to be related to ROS generation. 21) Although the molecular mechanism of MDR cells such as DOX-resistant cells is not completely understood, it is thought that P-gp [2] [3] [4] or the multidrug resistant protein (MRP), 22, 23) the ABC transporter superfamily member appeared in MDR cells. In this study, we investigated the mechanism of hydrogen peroxide-induced cell death in DOX-sensitive mouse P388/S leukemia cells and in the P-gp-overexpressing cell line 24, 25) (P388/DOX). Hydrogen peroxide markedly induced death of the parent cells in a dose-and time-dependent manner. The degree of cell death in P388/DOX cells induced by hydrogen peroxide was less than that in P388/S cells treated with hydrogen peroxide. Although apoptosis and necrosis are morphologically distinct manifestations of cell death, they tend to share common features in the death signaling pathway involving functional steps of death-driving interleukin 1b-converting enzyme family proteases and anti-cell death protein Bcl-2.
26) Bcl-2 family proteins and mitochondrial dysfunction are probably key regulators of the apoptotic response. Cook et al. 27) suggested that the regulation of Bcl-2 and mitochondrial function is an important factor in oxidative stress-induced cardiac myocyte apoptosis. Bcl-2 family proteins block cell death by inhibiting disruption of the mitochondrial membrane. 28) Our results showed that an exposure of hydrogen peroxide (3 mM) to P388/S cells resulted in a loss of mitochondrial membrane potential. This loss was prior to hydrogen peroxide-induced cell death. Furthermore, the degree in loss of mitochondrial membrane potential from P388/DOX cells produced by 3 mM hydrogen peroxide was less than that in P388/S cells treated with hydrogen peroxide. These findings indicate that the resistant cells may protect against hydrogen peroxide (3 mM)-induced mitochondrial damage in cells. On the other hand, treatment (3 h-drug exposure) of hydrogen peroxide at a concentration of 1 mM did not induce a loss in mitochondrial membrane potential in P388/S cells. Therefore, there is a possibility that the pathway in cell death induced by 1 mM hydrogen peroxide is not accompanied by a change of mitochondrial membrane potential.
GSH is considered to be an important mediator of cancer cell resistance to anticancer agents-based chemotherapy. Known mechanisms of MDR are an increased detoxification of compounds mediated by GSH or GSH related enzymes. 29) MRP1 appeared to transport drugs conjugated to GSH and also unmodified cytostatic agents in the presence of GSH. 30) The relation between MRP1, GSH and enzymes involved in GSH metabolism or GSH dependent detoxification reactions recently has drawn a lot of attention. In this study, the resistant cells also showed a marked level of GSH compared to the sensitive cells. NAC and GSH, which are known as scavengers, 31) abolished cell death in P388/S cells treated with hydrogen peroxide. These results suggest that GSH in the resistant cells is closely connected to the hydrogen peroxide-induced oxidative stress which exerts an effect on redox reactions.
It is likely that oxidative stress in mammalian cells induces an increase in the intracellular concentration of Ca 2ϩ [Ca 2ϩ ] i , a process that is proposed to be largely responsible for subsequent cell death or injury. 32, 33) It is possible that hydrogen peroxide increases [Ca 2ϩ ] i by altering the activity of ion channels and/or transport proteins, either directly or through effects on other systems that modulate their activity. 34) Therefore, the increase in the [Ca 2ϩ ] i may be a feature of the cytotoxicity induced by hydrogen peroxide. As described in Fig.  1 , hydrogen peroxide (1 mM) treatment induced cell death in about 30% of P388/DOX cells and this ratio was equal to that of P388/S cells treated with 0.3 mM of hydrogen peroxide. In addition, our results showed that a marked increase in the intracellular Ca 2ϩ was observed in P388/S cells treated with hydrogen peroxide. But no change following hydrogen peroxide addition (0.3-1 mM) was observed in the resistant cells. These findings suggest that the intracellular Ca 2ϩ is not involved directly in hydrogen peroxide (1 mM)-induced cell death in the resistant cells. Okazaki et al. 35) showed that hydrogen peroxide may increase the [Ca 2ϩ ] i through a mechanism related to the effects of hydrogen peroxide on the cellular nonprotein thiol. Accordingly, the elevated level of intracellular GSH in the resistant cells seems to reduce the amount of hydrogen peroxide-induced increase in the intracellular Ca 2ϩ . The caspases, cysteine proteases, play a critical role during apoptosis. Hampton and Orrenius 36) recently demonstrated that hydrogen peroxide initially inhibits the caspases and delays apoptosis. Subsequently, depending on the degree of the initial oxidative stress, caspases are activated and the cells die by apoptosis. However, the mechanism by which hydrogen peroxide regulates caspase activity in the resistant cells is not clear as yet. Anuszewska et al. 12) have demonstrated that some cell lines exposed to nontoxic doses of hydrogen peroxide become less sensitive to the cytotoxic effect induced by a high dose of DOX. When hydrogen peroxide was exposed to cancer cells, the intracellular ROS generation in the resistant cells was lower than that in the parent cells. Similarly, a significant decrease in the intracellular ROS production induced by DOX treatment was found in the resistant cells. This fact is evidence of a property of the resistant cells. Hydrogen peroxide is known to convert quickly into hydroxyl radicals in cells, and it has cytotoxic activity which results from DNA damage, lipid peroxidation and biochemical perturbations such as cytoplasmic changes and gross perturbation of the cytoskeleton and plasma membrane in cells. 37, 38) Exogenous superoxide dismutase, catalase, and hydroxyl radical scavengers were shown to partially protect tumor cells from DOX cytotoxicity.
9) It was also reported that the occurrence of an increase in these antioxidant enzyme activities is dependent in some way on inherent or acquired resistance. 12, 39) In summary, we have shown that hydrogen peroxide markedly induced cell death in the parent cells, but has a slight effect on P-gp-overexpressing DOX-resistant cells. Hydrogen peroxide also increased Ca 2ϩ influx in P388/S cells, but no change was observed following hydrogen peroxide addition in the resistant cells. Resistant cells also showed a more significant level of GSH compared to the sensitive cells. These findings suggest that the resistant cells have a strong protective ability against cell death caused by oxidative stress, and involve an increment of GSH.
